Abstract Ferromagnetic ZnFe 2 O 4 nanoparticles were synthesized by surfactant assisted hydrothermal method using different amount of triethylamine (TEA). The synthesized nanoparticles were characterized by powder X-ray diffraction, Fourier transform infrared spectroscopy, field emission scanning electron microscopy, transmission electron microscopy (TEM), high-resolution transmission electron microscopy and vibrating sample magnetometer. The formation of single phase ZnFe 2 O 4 was investigated by addition of different amount of TEA. Regular spinel structure was obtained for all synthesized product except for lower amount of TEA, owing to the less alkaline atmosphere. All the synthesized nanoparticles were spherical in shape with a small aggregation. Observed size of the nanoparticles was 10 nm as determined from TEM measurement for the sample synthesized with a higher amount of TEA. Room temperature ferromagnetic behavior was observed in all the samples.
Introduction
Presently, nanoscale spinel ferrites with a common formula MFe 2 O 4 (M = Ni, Zn, Mn, Co, Mg, etc.) are very promising in technological point of view because of their fascinating physical and chemical properties with respect to their bulk counterparts. They found applications in various research areas such as materials science, optics, magnetics, electronics and energy conversion [1] . In the spinel ferrites crystal structure, the cubic unit cell is formed by 56 atoms, 32 oxygen anions dispersed in a cubic close packed structure and 24 cations occupying 8 of the 64 tetrahedral sites (A sites) and 16 of the 32 octahedral sites (B sites). The general formula for spinel ferrites is AB 2 O 4 , were A resembles divalent cations and B resembles trivalent cations. Zinc ferrite is a normal spinel structure having the entire A (Zn 2? ) sites tetrahedrally coordinated and the B (Fe 3? ) sites octahedrally coordinated by oxygen atoms [2] . Zinc ferrite (ZnFe 2 O 4 ) nanoparticles can be used for various applications such as gas sensors [3] , photocatalysis [4] , absorbent materials [5] , high density magnetic recording [6] , information storage [7] , electronic devices [8] , biomedicine [9] , cancer diagnostics [10] and ferrofluid technology [11] . The physical and chemical properties of ZnFe 2 O 4 nanoparticles are influenced by the composition, size and syntheses routes [12] . In recent times, numerous methods have been developed for the synthesis of ZnFe 2 O 4 nanoparticles such as sol-gel method [13] , co-precipitation [14] , thermal plasma [15] , low temperature solid state reaction [16] , ball milling [17] , combustion method [12] , sonochemical emulsification and evaporation [18] , reverse micelle technique [19] and hydrothermal technique [20] . Hydrothermal methods for the synthesis of highly uniform ZnFe 2 O 4 nanoparticles are usually less complex and require low cost reactants. Hence, this method has gained much attention in recent times [21] . For example, BlancoGutierrez et al. [22] , have reported the synthesis of superparamagnetic ZnFe 2 O 4 nanoparticles in the size range between 4 and 10 nm by hydrothermal method with controlled shape and size under varying reaction conditions such as types of solvent, reaction temperature and time. The preparation of Co doped ZnFe 2 O 4 nanoparticles under visible light photocatalytic activity by hydrothermal method have been reported by Fan et al. [23] . Jia et al. [24] have developed a new strategy for the preparation of porous like ZnFe 2 O 4 nanorods through hydrothermal method in the presence of oxalic acid. The surface modifications of nanoparticles by surfactant are very important to control the particles size and to improve the dispersion stability [25] . The hydrothermal technique is one of the most useful techniques for its simplicity, low cost and nontoxic route. Furthermore, it offers the possibility to deal with a great number of experimental procedures by modification of parameters such as solvent, precipitant agent concentration or temperature. In the present work, ZnFe 2 O 4 nanoparticles were synthesized by surfactant assisted hydrothermal method using different amount of triethylamine (TEA) as a surfactant. The structural, morphological and magnetic properties were investigated by XRD, FTIR, SEM, TEM and VSM measurements. O were subsequently dissolved in 40 ml of de-ionized water to form a clear solution. The brown color precipitates were obtained by dropwise addition of triethylamine (TEA) into the solution under magnetic stirring. Then, final solution was continuously stirred for half an hour and then transferred to 50 ml Teflon-lined autoclave. The autoclave was then sealed and maintained at 160°C for 15 h in hot air oven and finally allowed to cool from 160°C to room temperature. The brown precipitates were collected by centrifugation and washed with distilled water and absolute ethanol for three times. The samples were dried in hot air oven at 60°C for 2 h. Five different types of experiment were carried out by varying the amount of TEA in the synthesis medium such as (a) 2 ml, (b) 4 ml, (c) 6 ml, (d) 8 ml, and (e) 10 ml respectively and the samples were named as S1, S2, S3, S4 and S5. Triethylamine used in this experiment played dual role, surfactants as well as reducing agent.
Materials and methods

Materials
Characterization techniques
Phase formation of the synthesized products was analyzed by powder X-ray diffraction patterns recorded using PAN analytical X 0 pert pro X-ray diffractometer with CuKa radiation (1.5406 Å ) source. The intensity of data was collected over the range of 20°-80°using a step scan mode (0.06°/s). FTIR spectra were recorded from 400 to 4,000 cm -1 with a Perkin Elmer spectrometer using KBr pellet technique. The morphology of the samples was inspected using Quanta 200 FEG scanning electron microscope (FESEM). The purity of the samples was further confirmed by energy dispersive X-ray spectrometer (EDX, Bruker). One drop of the magnetic fluid was placed on a carbon coated copper grid, dried in vacuum and the TEM image was taken with a ZEISS EM 900 TEM with an accelerating voltage of 200 kV. The magnetic measurements were carried out in a vibrating sample magnetometer VSM lakeshore-7410 at room temperature.
Results and discussion
Structural analysis
Phase formation of the synthesized products was confirmed by X-ray diffraction measurement. Figure 1 shows the XRD patterns of the as synthesized products. In order to study the formation of single phase ZnFe 2 O 4 , experiments were performed using various amounts of TEA ranging from 2 to 10 ml keeping other conditions constant. The mixed phase Fe 2 O 3 (hematite) and ZnFe 2 O 4 was observed for 2 ml of amine (Fig. 1a) . This is because the amount of amine was insufficient to obtain single phase of ZnFe 2 O 4 . The single phase of ZnFe 2 O 4 was obtained by increasing the amount of amine (4, 6, 8 and 10 ml) in the reaction medium (Fig. 1b-e) . The diffraction peaks are quite similar to those of bulk ZnFe 2 O 4 and can be indexed as the regular spinel cubic face centered structure, which is consistent with the standard data file (JCPDS No. 77-0011). No diffraction peaks from any impurities were observed except for S1 which indicate the high purity of the products. Crystallite size of all synthesized products was calculated by Scherrer's formula.
where, D is the size of the axis parallel to (h k l) plane, k is the wavelength of the X-ray radiation (1.5406 Å ), K is a constant taken as 0.89, h is the diffraction angle and b is the full width at half maximum (FWHM) in radians. The calculated average crystallite sizes were 29, 14, 14, 13 and 10 nm for S1, S2, S3, S4 and S5 respectively.
Elastic strain
The formula for cubic structure was used for the calculation of the elastic strain induced in powders due to crystal imperfection and distortion [26] :
The effect of surfactant concentration on crystallite size and strain is illustrated in Fig. 2 . From the figure it can be observed that with the increasing surfactant concentration there was increase in strain and decrease in crystallite size. The values are summarized in Table 1 3 and Zn(OH) 2 , which can be transformed into ZnFe 2 O 4 through dehydration [27] .
Functional group analysis
The FTIR spectra were recorded to identify the functional groups available on the surface of ZnFe 2 O 4 nanoparticles. Figure 3 shows the FTIR spectra of sample S1-S5. The absorption bands in the range 543-563 cm -1 can be assigned to Fe-O vibrations [28] and in the range 422-465 cm -1 represents Zn-O vibration of spinel ferrite attributed to lattice defects present in ZnFe 2 O 4 nanoparticles [29] . The bands in the range 1,635-1,640 cm -1 relate to stretching vibration of C=C of TEA on the surface of indicates the absorbance of CO 2 from ambient air [30] .
Morphological analysis
Shape and size of the synthesized ZnFe 2 O 4 nanoparticles were characterized by SEM and TEM measurements. From  Fig. 4a -e it can be analyzed that all the synthesized nanoparticles were spherical in shape and agglomerated due to high surface energy associated with small size of the nanoparticles. The EDX measurement was performed to identify the elemental composition of synthesized nanoparticles. The result of EDX analysis presented in Fig. 4f for sample S5 indicates the presence of Zn, Fe and O. The atomic ratio between Fe and Zn was 20:13 which is consistent with the theoretically predicted ratio for ZnFe 2 O 4 [31] . TEM measurement for sample S5 is represented in the Fig. 5a . The obtained ZnFe 2 O 4 nanoparticles with average size of 10 nm were found to be consistent with the particles size measurement from the XRD investigation. Crystalline quality and phase formation of the synthesized nanoparticles were identified by HR-TEM measurement as shown in Fig. 5b . The continuous lattice planes were observed without lattice defects which indicate the crystalline quality of the nanoparticles. The interplanar spacing was calculated as 0.485 nm corresponding to the lattice plane Figure 5c shows the size distribution histogram of nanoparticles for sample S5. The shapes of the particles were spherical and average size of the particles, calculated for 100 nanoparticles except for some agglomerated particles was found to be 10 nm.
Magnetic property analysis
Room temperature magnetic measurements were performed by vibrating sample magnetometer technique. M-H loop of the entire sample curves indicates the ferromagnetic behavior. Figure 6a shows magnetization curves of all synthesized (S1-S5) ZnFe 2 O 4 nanoparticles. In Fig. 6b , all the ZnFe 2 O 4 nanoparticles showed very small hysteresis loops indicating the ferromagnetic behavior. Even though, the size of the ZnFe 2 O 4 nanoparticles was less than 20 nm the superparamagnetic behavior was not observed because each particle acts as a single domain ferromagnetic [32] . The values of saturation magnetization (M s ), coercive (H c ) and remanent magnetization (M r ) with respect to particle size are presented in the These could be ascribed to the size effect of the nanoparticles [33] . The room temperature magnetic susceptibility (v) was calculated from M-H curve using the following relation [34] :
The calculated magnetic susceptibilities were 0.00005, 0.00026, 0.00026, 0.00027, and 0.00033 for S1, S2, S3, S4 and S5 respectively.
Conclusion
Surfactant assisted hydrothermal method was successfully employed to synthesize ZnFe 2 O 4 nanoparticles. TEA was used as a surfactant as well as reducing agent. The controlled experiment was performed using various amount of TEA keeping other conditions constant. The formation mechanism for the single phase ZnFe 2 O 4 was discussed with respect to different amount of TEA confirmed from powder XRD measurements. The particle size was measured to be 10 nm from TEM measurement for the higher amount of TEA. Functional group analysis performed using FTIR measurement confirmed the existence of surfactant on the surface of nanoparticles. All the synthesized products were spherical in shape with a regular spinel structure except for the sample S1 in which the hematite phase was observed owing to lower amount (2 ml) of TEA. Room temperature ferromagnetic behavior was observed for all the synthesized products, except for few variations in saturation magnetization and coercive field.
